This fi eld trip examines contrasting lines of evidence bearing on the timing and structural style of Cenozoic (and perhaps late Mesozoic) extensional deformation in northeastern Nevada. Studies of metamorphic core complexes in this region report extension beginning in the early Cenozoic or even Late Cretaceous, peaking in the Eocene and Oligocene, and being largely over before the onset of "modern" Basin and Range extension in the middle Miocene. In contrast, studies based on low-temperature thermochronology and geologic mapping of Eocene and Miocene volcanic and sedimentary deposits report only minor, localized extension in the Eocene, no extension at all in the Oligocene and early Miocene, and major, regional extension in the middle Miocene.
INTRODUCTION
Although crustal extension in the North American Cordillera has been studied for nearly 100 years, many aspects of it-spatial distribution, timing, amount, structural style, and causes-remain controversial (Wernicke, 1992; Dickinson, 2002) . These controversies are exemplifi ed by the area of the northern Great Basin surrounding the Ruby Mountains-East Humboldt Range metamorphic core complex (RMEH) in northeastern Nevada (Fig. 1) . This region underwent a series of Paleozoic to Mesozoic contractional episodes that signifi cantly thickened the crust and probably raised its elevation, followed by moderate to large-magnitude extension in the Cenozoic. Thermochronologic and thermobarometric studies of the metamorphic rocks in the RMEH and analysis of some Cretaceous and Paleogene strata are interpreted to indicate that major cooling, exhumation, and extension began in the Eocene or even Late Cretaceous, soon after-or even during-contraction, and continued through the middle Cenozoic (e.g., Hodges and Walker, 1992; McGrew and Snee, 1994; Camilleri and Chamberlain, 1997; Snoke et al., 1997; McGrew et al., 2000; Wells and Hoisch, 2008; Druschke et al., 2009a Druschke et al., , 2009b . In contrast, geologic mapping and dating of Eocene to Miocene sedimentary and volcanic rocks and more recent lowtemperature thermochronology studies are interpreted to indicate northern Nevada to the Uinta Basin in Utah, and continuity of these paleovalleys and infi lling tuffs across the region indicate little, if any deformation by faults during their deposition. Pre-45 Ma deformation is less constrained, but the absence of Cenozoic sedimentary deposits and mappable normal faults older than 45 Ma is also consistent with only minor (if any) brittle deformation. The presence of ≤1 km of late Eocene sedimentary-especially lacustrine-deposits and a low-angle angular unconformity between ca. 40 and 38 Ma rocks attest to an episode of normal faulting at ca. 40 Ma.
Arguably the greatest conundrum is how much extension occurred between ca. 35 and 17 Ma. Major exhumation of the RMEH is interpreted to have taken place in the late Oligocene and early Miocene, but rocks of any kind deposited during this interval are scarce in northeastern Nevada and absent in the vicinity of the RMEH itself. In most places, no angular unconformity is present between late Eocene and middle Miocene rocks, indicating little or no tilting between the late Eocene and middle Miocene. Opinions among authors of this report differ, however, as to whether this indicates no extension during the same time interval. The one locality where Oligocene deposits have been documented is Copper Basin, where Oligocene (32.5-29.5 Ma) conglomerates are ~500 m thick. The contact between Oligocene and Eocene rocks in Copper Basin is conformable, and the rocks are uniformly tilted ~25° NW, opposite to a normal fault system dipping ~35° SE. Middle Miocene rhyolite (ca. 16 Ma) rests nonconformably on the metamorphosed lower plate of this fault system and appears to rest on the tilted upper-plate rocks with angular unconformity, but the contact is not physically exposed. Different authors of this report interpret geologic relations in Copper Basin to indicate either (1) signifi cant episodes of extension in the Eocene, Oligocene, and middle Miocene or (2) minor extension in the Eocene, uncertainty about the Oligocene, and major extension in the middle Miocene.
An episode of major middle Miocene extension beginning at ca. 16-17 Ma is indicated by thick (up to 5 km) accumulations of sedimentary deposits in half-graben basins over most of northern Nevada, tilting and fanning of dips in the synextensional sedimentary deposits, and apatite fi ssion-track and (U-Th)/He data from the southern Ruby Mountains and other ranges that indicate rapid middle Miocene cooling through near-surface temperatures (~120-40 °C). Opinions among authors of this report differ as to whether this period of extension was merely the last step in a long history of extensional faulting dating back at least to the Eocene, or whether it accounts for most of the Cenozoic deformation in northeastern Nevada. Since 10-12 Ma, extension appears to have slowed greatly and been accommodated by highangle, relatively wide-spaced normal faults that give topographic form to the modern ranges. Despite the low present-day rate of extension, normal faults are active and have generated damaging earthquakes as recently as 2008. tains, and Snake Range are major core complexes. Northeastern Nevada in the Eocene was part of the "Nevadaplano," a high area probably resulting from crustal thickening during Mesozoic contraction (DeCelles, 2004) . Major rivers drained eastward to the Uinta basin and westward to the Pacifi c Ocean, which was in the Great Valley of California at the time.
Paleovalleys and a proposed Eocene paleodivide from Henry (2008) based on data from Lindgren (1911) , Faulds et al. (2005) , Garside et al. (2005) , and Henry and Faulds (2010) .
that early to middle Cenozoic extension was relatively minor and that major extension took place in the middle Miocene (Henry, 2008; Wallace et al., 2008; Colgan and Henry, 2009; Colgan et al., 2010) . The infl uence on extension of gravitational collapse of thickened crust, magmatic heating and weakening of the lithosphere, and changes in boundary conditions are similarly debated (Sonder and Jones, 1999; Rahl et al., 2002; Henry, 2008; Colgan and Henry, 2009 ). The characteristics of extension are signifi cant not only for scientifi c reasons but are important to the formation and exploration for ore deposits and for hazards (Seedorff, 1991; Muntean et al., 2004; Cline et al., 2005; dePolo et al., 2011) . This fi eld trip examines the evidence for the timing of extension and uplift, emphasizing three different aspects of the regional geology: (1) the deeply exhumed metamorphic rocks and structures of the East Humboldt Range and evidence for their P-T-t paths; (2) Eocene and Miocene sedimentary deposits at Clover Hill (East Humboldt Range) that record the unroofi ng of the core complex; and (3) Eocene, rare Oligocene, and Miocene volcanic and sedimentary rocks that record the regional paleogeographic and tectonic evolution of northeastern Nevada at sites including the Copper Mountains area of northern Elko County and the northern Pequop Mountains east of the RMEH-Wood Hills metamorphic terrain (Figs. 2, 3, 4) . Fault and tilt relationships between Cenozoic rocks are examined at several locations, especially in two ash-fl ow tuff-and sediment-fi lled paleovalleys that cross the extended region. The authors and fi eld trip leaders represent the spectrum of interpretations about Cenozoic extension.
STRATIGRAPHY AND ROCK UNITS Precambrian
Though the presence of early Precambrian rocks in the deep subsurface of northeastern Nevada has long been inferred on the basis of the isotope geochemistry of younger plutonic rocks (Farmer and DePaolo, 1983; Wooden et al., 1997; Wright and Wooden, 1991) , the gneiss complex of Angel Lake in the northern part of the East Humboldt Range provides the only reported exposures of Precambrian rocks predating the Neoproterozoic McCoy Creek Group (Lush et al., 1988) . Although the age and petrogenesis of these polymetamorphic, migmatitic rocks has recently emerged as a matter of debate (Premo et al., 2008; McGrew and Snoke, 2010; Premo et al., 2010) , new mapping by McGrew in the summer of 2009 coordinated with new U-Pb SHRIMP zircon geochronology by Premo sheds light on this controversy as briefl y summarized below.
The gneiss complex of Angel Lake consists of an orthogneiss unit and two paragneiss units occupying the core of the Winchell Lake fold-nappe, a map-scale, southward-closing recumbent fold with a WNW-trending hingeline (Figs. 5A , 5B). The core of the Winchell Lake fold is occupied by a newly mapped unit of strongly migmatitic biotite schist and impure metapsammittic rock yielding a suite of Archean detrital zircons suggesting a latest Archean or Paleoproterozoic protolith age overprinted by a previously unrecognized metamorphic event at ca. 1.7 Ga (Fig.  5C ) (W.R. Premo, 2010, personal commun.) . Folded around this "core paragneiss" is the migmatitic orthogneiss of Angel Lake, a distinctively striped biotite monzogranitic orthogneiss with an Early Proterozoic age of 2450 ± 5 Ma based on a newly collected, minimally migmatized sample (Fig. 5B ) (W.R. Premo, 2010, personal commun.) . Folded around both the core paragneiss and the orthogneiss is an outer quartzite-pelitic schist unit that yields a detrital zircon suite with a strong Grenville-age spike, indicating a Neoproterozoic or younger depositional age and a probable correlation with the McCoy Creek Group of the northeastern Great Basin (W.R. Premo, 2010, personal commun.) . All three units also host widespread amphibolite and garnet amphibolite sheets interpreted as metamorphosed mafi c dikes and sills (Fig. 5B) . Original contact relationships between these units are obscured by younger metamorphic and deformational overprints, and integrated geochemical, geochronologic and fi eld-based studies are continuing in an effort to unravel the protracted history of these important exposures, which provide a unique opportunity to investigate and constrain the Precambrian history of continent formation as well as the subsequent polyphase tectonic history. These rocks are the focus of Stop 1-3.
Paleozoic to Early Mesozoic
Pre-Mississippian strata in northeastern Nevada are traditionally divided into a western facies assemblage consisting mostly of deepwater argillite and chert with associated dark quartzite, greenstone and limestone (Ordovician to Devonian Valmy, Vinini, and Woodruff Formations) and an eastern facies assemblage consisting of a thick sequence of Neoproterozoic to Cambrian clastic strata overlain by 5-7 km of lower Paleozoic shelf carbonates terminating in uppermost Devonian to Lower Mississippian shale (Figs. 3, 4) . The eastern facies is inferred to have been deposited on cratonic North American basement, but this contact is not exposed in northeastern Nevada, with the possible exception of an outcrop of gneiss in the core of the Winchell Lake fold near Angel Lake in the East Humboldt Range (Stop 1-3).
Both the eastern and western assemblages are overlapped by a Mississippian clastic sequence and then a return to shelfcarbonate deposition extending into the Lower Triassic. The western facies was thrust eastward over the eastern facies initially during the Late Devonian to Mississippian Antler orogeny along the regional Roberts Mountains thrust (Roberts, 1964; Smith and Ketner, 1977) . Locally, however, the basal thrust cuts and therefore post-dates strata as young as Triassic (Coats and Riva, 1983) .
Jurassic and Cretaceous Plutons and Sedimentary Rocks
Jurassic and Cretaceous plutons are scattered through northeastern Nevada (Coats, 1987; Wright and Snoke, 1993; Barton, 1996; Mortensen et al., 2000) . They are relatively localized near the surface but presumably are more abundant at depth, Crafford, 2007, and Colgan et al., 2010) . Day 1 of fi eld trip focuses on geology of the Ruby Mountains-East Humboldt Range metamorphic core complex around Clover Hill, the East Humboldt Range, and Secret Pass. McGrew et al., 2000; Howard, 2003; Lee et al., 2003) . Late Cretaceous peraluminous granites formed by crustal anatexis in thickened crust are common (Miller et al., 1990; Lee et al., 2003) , and exposures of Late Cretaceous migmatites in the deep-crustal rocks of the northern East Humboldt Range provide insight into how those granites may have formed (McGrew et al., 2000; Premo et al., 2008; McGrew and Snoke, 2010; Premo et al., 2010; Hallett and Spear, 2010) . Cretaceous clastic rocks have been mapped in the eastern Cortez Range and at scattered localities throughout the Piñon Range ( Fig. 3 ; Smith and Ketner, 1978) . The only directly dated Cretaceous section, however, is the ~600-m-thick Newark Canyon Formation in the Cortez Range, known to be Early Cretaceous from fossils (Smith and Ketner, 1978 ) and a recent U-Pb zircon date of 116 ± 3 Ma on an interbedded tuff (Druschke et al., 2008) .
Eocene Sedimentary and Volcanic Rocks
Two major sequences of volcanic and sedimentary rocks dominate the Cenozoic section of northeastern Nevada, Eocene and middle Miocene (Figs. 2, 3, 4) . One area of Oligocene sedimentary rocks is known and may be particularly critical to understanding extension. The Eocene sequence includes conglomerate, sandstone, limestone, shale, andesite-dacite lava (and intrusive equivalents), and rhyolite to dacite ash-fl ow tuff (Ressel and Henry, 2006; Henry, 2008; Cook and Brueseke, 2010) . The sedimentary rocks are exposed in small, widely scattered outcrops that are generally termed the Elko Formation because the largest and thickest exposures occur in the Elko Hills (Smith and Ketner, 1978) . The Elko Formation in the Elko Hills consists of ~200 m of basal conglomerate and conglomeratic sandstone overlain by ~600 m of lacustrine shale, oil shale, claystone, siltstone, and minor water-laid tuff (Solomon et al., 1979; Ketner and Alpha, 1992; Haynes, 2003) . Zircon U-Pb ages on water-laid tuffs in the basal conglomerate and near the top of the lacustrine sequence are 46.1 ± 0.2 Ma and 38.9 ± 0.3 Ma, respectively (Haynes et al., 2002; Haynes, 2003) . Sequences in other areas are lithologically similar but thinner (Henry, 2008) . The Elko Formation is generally interpreted to have accumulated in an extensional basin or basins formed during Eocene extension, including slip on the detachment fault bounding the west side of the Ruby Mountains (Solomon et al., 1979; Mueller and Snoke, 1993a; Satarugsa and Johnson, 2000; Haynes et al., 2002; Haynes, 2003) . However, Henry (2008) interpreted that most Eocene sedimentary rocks accumulated in paleovalleys, probably where minor extension generated small half-graben basins.
Cenozoic magmatism began at ca. 45 Ma in northeastern Nevada, generally post-dating the oldest sedimentary deposits (whose age is constrained to post-Paleozoic, and locally postTriassic), and was part of a southward-migrating belt that swept from Washington and Idaho, through northeastern Nevada and northwestern Utah, and into central Nevada in the Oligocene (Best and Christiansen, 1991; Christiansen and Yeats, 1992; Brooks et al., 1995a Brooks et al., , 1995b Humphreys, 1995; Henry and Ressel, 2000) . Eocene magmatism in northeastern Nevada was dominated by andesitic to dacitic lavas and compositionally similar intrusions in numerous centers. The lavas are only locally interbedded with sedimentary deposits in paleovalleys.
Major ash-fl ow tuffs to be examined on this fi eld trip are the "45 Ma tuff," one or more ca. 41-43 Ma plagioclase-biotite tuffs, the ca. 41.0 Ma tuff of Coal Mine Canyon, and the 40.0 Ma tuff of Big Cottonwood Canyon (Henry, 2008) . The tuff of Big Cottonwood Canyon erupted from a caldera in the Tuscarora volcanic fi eld ( Fig. 2 ; Henry, 2008) . Source calderas for the other tuffs were probably also in the Tuscarora and Bull Run basin areas, where the tuffs are thickest and most widely distributed, but have not been positively identifi ed. Within ~20 km of known or probable sources, the tuffs apparently blanketed the area. At greater distances, the tuffs largely fl owed through and were deposited in paleovalleys (Fig. 2) .
Volcanism largely ceased in Elko County between ca. 35 and 16 Ma. Abundant silicic intrusions in the Ruby Mountains and East Humboldt Range are as young as 29 Ma, however, indicating that magmatism continued in the subsurface (Wright and Snoke, 1993; MacCready et al., 1997; Howard, 2000; Miller and Snoke, 2009 ). The only known locally derived volcanic rock between those times is an apparently minor 31 Ma ash-fl ow tuff in the Piñon Range west of the Ruby Mountains. Oligocene, probably Figure 5 . Photographs of key rock types and fi eld relationships in the northern East Humboldt Range. (A) Photograph, view to northwest, and sketch of the hinge zone of the Winchell Lake fold-nappe as exposed along the back wall of Winchell Lake cirque on the eastern face of the northern East Humboldt Range . The core of the fold at this locality consists of dark outcrops of rusty-weathering graphitic paragneiss (rgs) surrounded by white-weathering Cambrian and Ordovician marble (DCmu) and Ordovician metaquartzite (DCmq). Enveloping the fold is a thick sequence of Neoproterozoic and Lower Cambrian fl aggy quartzite and schist (CZqs). These metasedimentary rocks, particularly the metaclastic units, contain abundant sheet-like bodies of leucogranite orthogneiss. The hinge zone of this major structure trends west-northwest, approximately parallel to mineral elongation lineations in the deformed rocks. Closure is to the south. To the north, the fold is cored by near-Archean orthogneiss (Angel Lake orthogneiss) and associated paragneiss. A pre-folding, low-angle fault is inferred to separate the metasedimentary rocks in this photograph from the basement complex enclosed in the core of the fold. Scale is approximate. (B) Striped gray biotite monzogranitic orthogneiss of Angel Lake (Neoarchean(?) to earliest Paleoproterozoic) intruded by an orthoamphibolite sheet of probable Proterozoic age and by millimeter-scale to meter-scale seams, veins, and lenses of probable Late Cretaceous leucogranite as discussed in text. View to northwest. (C) Refolded fold developed in intricately interdigitated Neoarchean(?) orthogneiss and migmatitic Paleoproterozoic paragneiss. Note that three overprinted fold phases are indicated. View is ~2.5 m wide. (D) Photograph, view to west, and sketch of road-cut exposure of a low-angle normal fault exposed on the west fl ank of Clover Hill separating steeply dipping fanglomerate of the Miocene Humboldt Formation from a footwall of brecciated, strongly foliated calcite marble. A distinct red gouge lies along the fault (Mueller and Snoke, 1993a 
Miocene and Younger Sedimentary and Volcanic Rocks
Miocene and younger clastic sedimentary rocks are abundant throughout northeastern Nevada. In the Elko area, the Miocene rocks are called the Humboldt Formation, which was originally defi ned by Sharp (1939) to include Eocene rocks, and later restricted to the Miocene deposits by Ketner (1976, 1978) . The Humboldt Formation and age-equivalent units range from ca. 16.5 to 10 Ma everywhere they have been dated by 40 Ar/ 39 Ar and tephrachronology (John et al., 2000; Wallace et al., 2008; Colgan et al., 2008; Colgan et al., 2010) . These deposits include fi ne-grained fl uvial and lacustrine deposits, primary and reworked tephra beds up to several meters thick, conglomerate whose clast composition depends on the local basement lithology, and very large (10s of meters) breccia blocks most often consisting of Paleozoic carbonate. Rhyolite lava fl ows are locally interbedded with the Humboldt Formation, although they are not considered part of the unit as typically defi ned. The Humboldt Formation at Stops 1-1 and 1-2 exhibits the types of deposits common to the unit. The Humboldt Formation was deposited in the hanging-wall basins of major Miocene normal faults during an episode of regional Basin and Range extension in the middle Miocene (Sharp, 1939; Smith and Ketner, 1978; John et al., 2000; Wallace et al., 2008; Colgan and Henry, 2009; Colgan et al., 2010) . Late Miocene and younger (mostly Pliocene) deposits are rarely exposed but have been intercepted by drill holes in the deeper valleys and are lithologically similar to the Humboldt Formation.
Volcanism resumed in northeastern Nevada ca. 16.5 Ma, coincident with major extension, and was primarily bimodal, basalt and rhyolite (Zoback et al., 1994; John et al., 2000; Colgan and Henry, 2009 ). The oldest rocks are minor basalt with Steens-type petrographic (abundant plagioclase phenocrysts to 5 cm long) and chemical characteristics near Copper Basin dated at 16.5 Ma (Rahl et al., 2002; Coats, 1964) . Mafi c rocks make up most of the Tv unit in the western and northern part of Figure  2 Ar geochronology indicates that most, if not all, of the basalt fl ows and shield volcanoes exposed on the Owyhee Plateau are younger than 11 Ma and are more primitive than the mid-Miocene fl ood-basalt related lava fl ows (e.g., they are high-alumina olivine tholeiite, Snake River olivine tholeiite, and transitional; Shoemaker, 2004) . A voluminous group of distinctive, coarsely porphyritic rhyolite lavas, the Jarbidge Rhyolite, is widespread across northern Elko County (Fig. 2) Ar data). Jarbidge-type rhyolites in the northeastern East Humboldt Range are referred to as the Willow Creek rhyolite complex, which yielded K-Ar (sanidine) ages in the interval 14.8-13.4 Ma (Mueller and Snoke, 1993b) . The oldest Willow Creek rhyolite forms a sequence of fl ows. Rhyolite porphyry (13.8 ± 0.5 Ma) intruded the fl ows, and even younger "purple rhyolite" (13.4 ± 0.5 Ma) overlies volcaniclastic breccia in one fault-bounded block near the front of the range (Willow Creek rocks can be viewed on the way to Stop 1-1).
STRUCTURAL-TECTONIC-TOPOGRAPHIC EVOLUTION

Paleozoic-Mesozoic Contraction and Crustal Thickening and Paleogene Erosion
Northeastern Nevada underwent multiple episodes of contraction from the Late Devonian-Early Mississippian Antler orogeny through the Late Cretaceous Sevier orogeny (Roberts et al., 1958; Armstrong, 1968; Thorman, 1970; Miller et al., 1992; Poole et al., 1992; Taylor et al., 2000; DeCelles, 2004; Dickinson, 2006) . Eastern Nevada lay in the hinterland of the Sevier orogenic belt (Armstrong, 1968; Miller and Gans, 1989; Vandervoort and Schmitt, 1990; Wright and Snoke, 1993; Howard, 2003; DeCelles, 2004) , where the crust was inferred to have reached a thickness of 50-60 km by end of the Cretaceous, based on restoration of Tertiary extension (Coney and Harms, 1984; Gans, 1987; DeCelles, 2004; DeCelles and Coogan, 2006) , estimates of shortening in the overthrust belt (Thorman et al., 1991; , and metamorphic mineral assemblages McGrew et al., 2000; Lee et al., 2003) .
Northeastern Nevada was an eroding highland (Nevadaplano) at the beginning of the Cenozoic (Armstrong, 1968; Coney and Harms, 1984; Christiansen and Yeats, 1992; Dilek and Moores, 1999; DeCelles, 2004; Best et al., 2009) , from which sediments were most likely carried eastward to the Uinta and Green River Basins (Baars et al., 1988; Hintze, 1993; Goldstrand, 1994; Davis et al., 2009 ), although there is little sedimentary record in Nevada until the Eocene (Fouch et al., 1979; Solomon et al., 1979; Vandervoort and Schmitt, 1990) . Interpretations of the absolute surface elevation, timing of surface uplift, and paleotopography of northeastern Nevada during the Paleocene and Eocene vary widely, however. Coney and Harms (1984) , Dilek and Moores (1999) , DeCelles (2004) , DeCelles and Coogan (2006) , Best et al. (2009), and Cassel et al. (2010) -drawing analogies to present-day Tibet and the Andean Plateau-inferred surface elevations of >3 km, probably as a result of crustal thickening during the Cretaceous Sevier orogeny. Absolute Eocene elevations interpreted from fossil leaves in Copper Basin (Stop 2-1; present-day elevation 2.2 km) vary from 1.1 km (Axelrod, 1966a (Axelrod, , 1966b , to 2.0 ± 0.2 km (Wolfe et al., 1998) , to 1.6 ± 1.6 km or 2.8 ± 1.8 km (Chase et al., 1998) . Mix et al. (2011) Henry, 2008) . Paleovalleys are discontinuously exposed across a series of ranges that formed predominantly during middle Miocene or later Basin and Range extension. Recognition and correlation of paleovalleys is based on (1) paleovalley geometry where ash-fl ow tuffs and sedimentary rocks crop out within valleys incised into Paleozoic rocks, (2) recognition of depositional contacts of paleovalley fi ll against walls, (3) wedging out of paleovalley fi ll against paleovalley walls, (4) continuity of individual tuffs and distinctive groups of tuffs along the paleovalleys, and (5) the considerable thicknesses and dense welding of tuffs far from their source.
The north paleovalley can be traced from the Bull Run basin through Cornwall Mountain to Copper Basin, where it is joined by a probable tributary from the southwest and becomes buried eastward beneath Jarbidge Rhyolite ( Fig. 2 ; Henry, 2008; McGrew and Vance, 2008; Cook and Brueseke, 2010) . Insuffi cient data are available to follow the paleovalley farther east. The central paleovalley can be traced ~150 km from near the Tuscarora volcanic fi eld eastward over the Independence Mountains as far as Nanny Creek (Stop 3-1; Pequop Mountains; Fig.  2 ). Although gaps exist across several modern basins, continuity is inferred based on proximity and trend of individual segments and similar stratigraphy within them, especially the presence of the tuff of Big Cottonwood Canyon. The tuff of Big Cottonwood Canyon was able to fl ow 150 km (present day) from Tuscarora to Nanny Creek. The amount of post-40 Ma extension across that distance is unknown, but, even if it was 100%, the tuff must have fl owed 75 km.
What may be a branch of the central paleovalley passes through the Windermere Hills, where Mueller et al. (1999) interpreted Eocene sedimentary rocks to fi ll a half-graben above an east-rooted, Eocene low-angle detachment fault. Henry (2008) interpreted the same deposits to fi ll an east-draining paleovalley, consistent with cobble imbrications found by Mueller (1992) , but probably dammed during small-magnitude Eocene extension. Eocene volcanic rocks, the sedimentary section, and overlying middle Miocene deposits are all tilted the same amount, which suggests major extension was middle Miocene or younger. Eocene (and Oligocene?) deposits on both west and east sides of the Pilot Range form a thick section of tuffaceous sedimentary rocks, possibly some primary ash-fl ow tuff, and coarse conglomerate (Miller, 1985; Miller et al., 1993 ; this study) that may be in the eastern continuation of this paleovalley.
A south paleovalley extends from the southern Independence Mountains through Coal Mine Canyon and may connect eastward across the northern East Humboldt Range to Clover Hill, where a thick section of Eocene and Miocene sedimentary rocks is exposed. The relative proportions of each are uncertain, but a basal conglomerate and ash-fl ow tuff are almost certainly Eocene. A cobble in the basal conglomerate was dated at ca. 38 Ma (Brooks et al., 1995a (Brooks et al., , 1995b . The upper part of the section contains a ca. 15.5 Ma tephra that is overlain by Willow Creek rhyolite (Jarbidge Rhyolite; Snoke et al., 1997; J.P. Colgan, K.A. Howard, and C.D. Henry, unpublished data). Coarsely clastic and breccia-bearing sedimentary rocks make up most of the section. Stops 1-1 and 1-2 show the sedimentary section, structure of the Clover Hill area, and highly metamorphosed rocks of the adjacent RMEH. Figure 2 shows a possible paleovalley crossing the Ruby Mountains, based on the thick section of Elko Formation in the Elko Hills, a thick section of Miocene or Eocene deposits identifi ed by seismic-refl ection methods in the valley west of the Ruby Mountains (Satarugsa and Johnson, 2000) , and a thick section of dacitic and andesitic lavas with a basal coarse conglomerate in the southern East Humboldt Range (Brooks et al., 1995a (Brooks et al., , 1995b ; this study). Satarugsa and Johnson (2000) interpreted the subsurface rocks to be middle Miocene, but distinguishing Eocene and Miocene rocks without drill hole data is uncertain.
Cenozoic Extension
Interpreted episodes of extension began with initial exhumation of the Ruby Mountains between the Late Cretaceous and Eocene (McGrew and Snee, 1994; Camilleri and Chamberlain, 1997; McGrew et al., 2000) and development of the Elko basin of the Elko Hills at ca. 46 Ma (Haynes et al., 2002; Cline et al., 2005; Hickey et al., 2005) . A major episode of extension began in the middle Miocene throughout northern Nevada (Zoback et al., 1994; Miller et al., 1999; John et al., 2000; Wallace et al., 2008; Colgan and Henry, 2009; Colgan et al., 2010) , and extension continues to today (e.g., 2008 M w 6.0 Wells earthquake; Fig. 2 ). How much extension occurred at different times in the Cenozoic is the focus of this trip. The following four subsections discuss different approaches and perspectives.
Evidence from Thermochronology and Thermobarometry of the RMEH (A.J. McGrew)
Integrated thermobarometric and thermochronologic results indicate ~170 °C of cooling and 4 kbar of decompression of the RMEH between ca. 85 Ma and ca. 50 Ma (e.g., Dallmeyer et al., 1986; Dokka et al., 1986; Hurlow et al., 1991 McGrew and Snee, 1994; McGrew et al., 2000; Hallett and Spear, 2010) (Fig. 6 ). However, maximum tectonic burial of the RMEH occurred before 85 Ma and is recorded by peak pressure conditions represented by a relict kyanite + staurolite assemblage that is preserved locally at high structural levels in the northern East Humboldt Range and better preserved at the still-higher structural levels of nearby Clover Hill (Snoke, 1992) . Based on Gibbs Method modeling of the Clover Hill assemblage, interpreted isothermal decompression from 9-10 kbar to 5.0-6.4 kbar at temperatures of 550-630 °C before partial degassing inferred from an 40 Ar/ 39 Ar hornblende age spectrum in the mid-Cretaceous (Dallmeyer et al., 1986) .
At the deeper structural levels of the northern East Humboldt Range, peak metamorphism recorded by growth of sillimanite occurred contemporaneously with in situ partial melting in the Late Cretaceous, resulting in re-equilibration of most mineral assemblages, although growth zoning has been preserved in some garnets at higher structural levels (Hallett and Spear, 2010; McGrew et al., 2000; McGrew and Snoke, 2010) . McGrew et al. (2000) documented a major phase of leucogranite generation at 84.8 ± 2.8 Ma synkinematic with fold-nappe emplacement and metamorphism above the second sillimanite isograd. More recently, U-Pb SHRIMP analyses of zircon rims from the orthogneiss of Angel Lake confi rm the presence of abundant Late Cretaceous melt (yielding a spectrum of essentially concordant ages from 72 to 91 Ma) (Premo, et al., 2008; McGrew et al., 2009 ). Amphibolite (McGrew et al., 2000) Metapelitic mylonites, SW East Humboldt Range (Hurlow et al., 1991) Clover Hill Gibbs Results N. Ruby Mts Gibbs Results Al 2 SiO 5 Phase Relations (Bohlen et al., 1991) Linear (Metapelites (McGrew et al, 2000) Reference geotherms 25°C/km (2000) combined with previously published results from elsewhere in the RMEH (Hurlow et al., 1991; . Error ellipses have been left off to simplify viewing. The thick, colored arrows show the general P-T-t path inferred for the East Humboldt Range from late Mesozoic time to ca. 15 Ma based on the integration of P-T data with thermochronometric and other constraints. The earliest phase in the P-T-t path, illustrated by the upper arrow, records initial tectonic burial to kyanite-grade conditions before overprinting in the Late Cretaceous by peak metamorphism above the second sillimanite isograd and widespread migmatization. The second arrow represents a linear fi t to the P-T results of McGrew et al. (2000) with a slope of 0.025 kbar/°C interpreted as a decompressional cooling path based on a variety of decompressional reaction textures. This segment is bracketed between 85 Ma and 40 Ar/ 39 Ar hornblende cooling ages of 40-50 Ma (at shallow structural levels) or 30-40 Ma (at deep structural levels). Thinner arrows represent net Gibbs model paths for samples from Clover Hill and the northern Ruby Mountains Ar muscovite and biotite and fi ssion-track apatite cooling ages (Dallmeyer et al., 1986; Dokka et al., 1986; McGrew and Snee, 1994) combined with the constraint that metamorphosed footwall clasts do not appear until deposition of the middle Miocene Humboldt Formation. Additionally, ages of 11.6-13.8 Ma on authigenic illite from fault gouge in Secret Pass are interpreted to record last major activity of the RMEH detachment and associated faults (Haines and van der Pluijm, 2010) . The modern-day geothermal gradient in the Basin and Range province is ~25 °C/km, whereas the Battle Mountain heat-fl ow high is characterized by geothermal gradients as high as 40-75 °C/km.
Collectively, P-T estimates based on mineral rim thermobarometry from the northern East Humboldt Range defi ne a data array extending from 798 °C, 9.3 kbar to 630 °C, 5.2 kbar, inferred to represent equilibration at different points along a decompressional P-T-t path ( Fig. 6) (McGrew et al., 2000) . Including data interpreted to constrain the P-T conditions during mylonitization at higher structural levels in the southwestern part of the East Humboldt Range extends this trend down to ~550 °C, 3-5 kbar (Hurlow et al., 1991) . 40 Ar/ 39 Ar hornblende isochron ages ranging from 50 to 63 Ma at higher structural levels in the East Humboldt Range imply that much if not all of this decompressional P-T-t path occurred between the Late Cretaceous and early Eocene, although the lowest P-T results, inferred to represent conditions during extensional mylonitic deformation, may have equilibrated in the late Eocene ( Fig. 6 ; Hurlow et al., 1991; McGrew et al., 2000) . Aluminum-inhornblende barometry on late Eocene (40-36 Ma) quartz diorites exposed in the RMEH further supports this interpretation, indicating that these granitic rocks intruded at mid-crustal levels and pressures of ~5.5 kbar, near the base of the P-T trend described above and illustrated in Figures 6 and 7 (Snoke et al., 2004) .
Evidence of extension at upper crustal levels during the Late Cretaceous to the Eocene (ca. 46 Ma) in the RMEH environs is scant, although Camilleri and Chamberlain (1997) interpret a major normal fault, the Pequop Fault, that they bracket within this time frame. However, deep-crustal spreading or diapiric upwelling triggered by partial melting of a buoyant, thermally weakened lower-crustal root could have transferred this terrain from deep-crustal to mid-crustal levels without greatly extending the overlying rigid upper crustal layer (e.g., Wernicke and Getty, 1997; McGrew, 2002; Hodges, 2006) . MacCready et al. (1997) provided evidence of such channel fl ow from the northern Ruby Mountains. However, to maintain crustal-scale strain compatibility, any such model would require a decoupling zone at mid-crustal levels separating the ductilely fl owing deeper crustal layer from the overlying, more rigid upper crust. In this context, Figure 7. Generalized time-temperature curve for the northern East Humboldt Range synthesizing results modifi ed from McGrew and Snee (1994) , and summarizing results from other studies (Dallmeyer et al., 1986; Dokka et al., 1986; Haines and van der Pluijm, 2010) . Vertical black bars represent the inferred closure temperature ranges for hornblende (480-580 °C), muscovite (350-400 °C), and biotite (250-300 °C), respectively. Pressure estimates for metamorphism above hornblende closure temperatures derive from thermobarometric studies summarized in Figure 6 . Short-dash line is a lower bound for relatively shallow structural levels, and long-dash line is an upper bound for deeper structural levels. Important magmatic events are the intrusion of a thick sheet of hornblende biotite quartz diorite at 40 ± 3 Ma and injection of widespread biotite monzogranitic sheets at 29 ± 0.5 Ma (Wright and Snoke, 1993) .
large-scale fold-nappes such as the Winchell Lake fold-nappe in the East Humboldt Range or the Soldier Peak or Lamoille Canyon fold-nappes in the Ruby Mountains could be manifestations characteristic of the "roof zone" of a laterally spreading and upwelling deep-crustal migmatite complex as presaged by Howard (1980) . In this light, it is interesting that the Winchell Lake fold-nappe is both temporally and spatially associated with the "roof" of the migmatite complex in the very zone where the rheologically critical melt percentage is likely to have been achieved (Vanderhaeghe et al., 2001) . Regardless of the pre-Eocene history of the RMEH, a variety of lines of evidence indicate that it remained at mid-crustal depths and elevated temperatures at least into the Oligocene:
(1) Aluminum-in-hornblende barometry on 40-36 Ma quartz diorites indicates that they were intruded at mid-crustal depths, ~5.5 kbar (Snoke et al., 2004) .
(2) Both the 36-40 Ma intrusive suite and a younger, 29 Ma biotite monzogranitic intrusive suite were foliated, mylonitized, and locally complexly folded after emplacement. Moreover, petrographic relationships such as dynamic recrystallization of biotite along shear bands and crystal-plastic deformation of feldspars in these rocks indicates that the plastic deformation occurred at elevated temperatures (probably at least 450 °C).
(3) Hurlow et al. (1991) and document P-T conditions of 550-650 °C, 3.0-4.3 kbar based on thermobarometry of syn-mylonitic mineral assemblages in pelitic schist from the RMEH mylonitic shear zone in the southwestern East Humboldt Range (Fig. 6) .
(4) Quartz crystallographic preferred orientations (CPOs) are interpreted to record WNW-or ESE-directed shearing within and beneath the mylonitic zone, and show the hallmarks of recrystallization at temperatures as high as 600-700 °C (e.g., strong c-axis maxima parallel to the Y-strain axis and/or crossed girdle fabrics with a 90° opening angle at deeper structural levels, resembling relationships in the Saxony granulite terrain) (McGrew and Casey, 1993; MacCready, 1996; Law et al., 2004 (Dallmeyer et al., 1986; McGrew and Snee, 1994 Ar biotite closure temperatures (250-300 °C) occurred diachronously across the RMEH from ESE to WNW over the interval ca. 36-21 Ma, giving rise to an asymmetrical, WNW-younging cooling age "chrontour" pattern across the core complex (Kistler et al., 1981; Dallmeyer et al., 1986; McGrew and Snee, 1994) (Figs. 4, 7) . The cooling age chrontours are perpendicular to mylonitic stretching lineation associated with numerous WNW-directed normal-sense kinematic indicators, leading to the common interpretation that the chrontour pattern tracks the unroofi ng history of the lower plate as the mylonitic shear zone progressively translated the upper plate to the WNW. However, the pattern could alternatively be interpreted as a transect through an exhumed, ESE-rotated partial retention zone (e.g., Colgan et al., 2010) .
Finally, based on apatite, zircon, and sphene fi ssion-track results from the RMEH, Dokka et al. (1986) interpreted rapid cooling between ~285 °C and ~70 °C between ca. 25 and 23 Ma, which suggests that exhumation was largely complete by the early Miocene. Early Miocene cooling of the RMEH is also constrained by the fact that metamorphic foliations in both the mylonitic zone and the underlying infrastructure are cut by unmetamorphosed and undeformed amygdaloidal basaltic dikes with chilled margins dated ca. 17-15 Ma (Snoke, 1980; Hudec, 1992) . Consequently, it would appear that mylonitization had ceased and the RMEH had cooled to temperatures below ~120 °C, corresponding to paleodepths less than 4-6 km depending on the geothermal gradient assumed, by the early Miocene. While internally consistent, this cooling history contrasts with a recently documented cooling history for the Secret Pass area and continued slip on the RMEH detachment fault to ca. 12 Ma (Figs. 6, 7) (Haines and van der Pluijm, 2010) . In addition, the accumulation of up to 5 km of middle Miocene fi ll in the adjoining basins to the west and evidence for rapid middle Miocene extension and exhumation in the southern Ruby Mountains pose a further challenge to the idea that most extension was completed by ca. 20 Ma (see "Miocene Basins and Thermochronology" section) (Satarugsa and Johnson, 2000; Colgan et al., 2010) .
Evidence from Eocene Paleovalleys and Ash-Flow Tuffs (C.D. Henry)
The (1) continuity of paleovalleys across northeastern Nevada in the Eocene (Figs. 1, 2) , (2) ability of Eocene ash-fl ow tuffs to fl ow long distances in the paleovalleys, (3) presence of relatively thin (<1 km) Eocene (≥41 Ma and ca. 38-35 Ma) sedimentary/lacustrine deposits, and (4) mostly concordant contacts between Eocene and middle Miocene deposits suggest one or two episodes of minor Eocene extension and little if any extension between the Eocene and middle Miocene (Henry, 2008; Colgan and Henry, 2009) . A fundamental assumption is that tilting is a proxy for extension.
The fi rst two observations preclude northeastern Nevada being either a series of north-striking basins and ranges similar to the present topography or a single large basin having overall low relief. The tuff of Big Cottonwood Canyon fl owed at least 75 km from source to its most distal known outcrop (Nanny Creek, Stop 3-1; original, pre-extension distance), and the tuff's thickness and dense welding there suggest that it traveled signifi cantly farther. Ash-fl ow tuffs erupted onto any low-relief surface would have spread radially and dispersed, and therefore would not show the linear distribution that they do or traveled very far. If erupted into a lake, these tuffs would have formed water-laid tuffs instead of thick, densely welded deposits. Tuffs erupted into basin-and-range topography like today also would have been channelized, but into wide north-trending paleovalleys, and would not have been able to reach distant locations to the east. Although low-density pyroclastic fl ows can surmount major ridges far from source, such fl ows are so dilute that they do not generate thick, densely welded deposits (Woods et al., 1998) .
Continuous paleovalleys had been eroded to their full depth by 45-40 Ma-the age range of ash-fl ow tuffs found in thembut may have formed much earlier. The paleovalleys are deep (possibly up to 1.6 km) but wide (6-8 km) and had low-relief interfl uves, which seem characteristic of relatively deeply eroded topography. Formation of the paleovalleys during regional surface uplift related to the Late Cretaceous Sevier orogeny is therefore plausible.
The third and fourth observations support possibly two episodes of low-magnitude extension, one before ca. 41 Ma and possibly as old as 46 Ma and a second between ca. 40 and 38 Ma. The Eocene sedimentary-especially lacustrine-deposits seem to require deposition in extensional basins, not only along paleovalleys. The deposits are widespread over northeastern Nevada but as small, discontinuous packages. Lacustrine deposits fall into two age groups: older than ca. 40 Ma in the Elko Hills and at Double Mountain, Coal Mine Canyon, and Copper Basin (Haynes et al., 2002; Rahl et al., 2002; Haynes, 2003; Henry, 2008 ; this report) and ≤38-35 Ma in the Windermere Hills (Mueller et al., 1999) . These deposits are ~600 m thick in the Elko Hills and a few hundreds of meters thick elsewhere (Solomon et al., 1979; Mueller et al., 1999; Haynes, 2003; Henry, 2008) .
The only defi nite angular unconformity between rocks in the age range 45-16 Ma in most of northeastern Nevada is a ≤15° unconformity between the Elko Formation and 38 Ma volcanic rocks (Smith and Ketner, 1976; Solomon et al., 1979; Brooks et al., 1995a; Henry and Faulds, 1999; Haynes, 2003; Cline et al., 2005) , immediately preceding the second episode of Eocene deposition. Where adequately studied, sub-unconformity rocks were tilted to the southeast. Southeast-tilted, pre-38 Ma rocks are present elsewhere but not overlain by younger rocks. For example, 41-40 Ma volcanic rocks in the Independence Mountains were also tilted to the southeast, but younger Eocene rocks are absent there (Muntean and Henry, 2007; Henry, 2008) . The 46-39 Ma Elko Formation in the Elko Hills shows no fanning of dips (Haynes, 2003) , which indicates no tilting and probably relatively little extension during its deposition. Similarly, Eocene and Miocene deposits are concordant in most areas of northeastern Nevada (Best and Christiansen, 1991; Thorman et al., 1991; Mueller, 1993; Brooks et al., 1995a; Mueller et al., 1999; Henry, 2008) , which precludes signifi cant tilting and extension.
The distribution, characteristics, and timing of Eocene sedimentary and lacustrine deposits are consistent with their deposition in small depocenters along paleovalleys where they were intersected by Eocene high-angle normal faults. An ~65°-dipping normal fault with ~1 km of slip could form a half-graben basin along a paleovalley that would accumulate ~1 km of sediment. However, the thinness of Eocene deposits (≤1 km compared to as much as 5 km of middle Miocene and younger basin fi ll; Satarugsa and Johnson, 2000) and the small degree of angular unconformity imply small-magnitude extension in the Eocene.
The absence of sedimentary deposits between ca. 38 and 16 Ma over most of northeastern Nevada, with the signifi cant exception of Copper Basin, indicates no depocenters existed to accumulate sediments. This observation implies little or no tilting and formation of half-graben basins, which suggests little if any extension in the upper crust. Whether or not the paleovalleys continued to be active drainages is uncertain, because no deposits of this age range are found in them. However, deposition continued throughout the Oligocene in the Uinta, Flagstaff, and Claron Basins in Utah (Baars et al., 1988; Hintze, 1993; Bryant et al., 1989; Davis et al., 2009) , although whether northeastern Nevada was a source area is unknown. (Table 1) . Locally, the Dead Horse Formation includes exposures of channel-fi lling conglomerate, and the similarity in tephro-stratigraphic sequence with paleovalley fi lls farther south and west led Henry (2008) to hypothesize that Copper Basin initiated as a paleovalley that was subsequently dammed due to the onset of late Eocene extension. Therefore, lacustrine deposition in the late Eocene may record the onset of basin subsidence associated with initiation of the Copper Creek normal fault (Figs. 9A-9C ).
Eocene and Oligocene Extension
Despite the evidence for an Eocene onset of extension, footwall-derived detritus did not appear until deposition of the overlying Oligocene Meadow Fork Formation (Fig. 9D) . Coats (1964) interpreted the Meadow Fork Formation to have Figure 8 . Retrodeformed cross-section sequence for the Copper Basin fault system (from Rahl et al., 2002) . (A) Initial state immediately before the onset of extension at ca. 42 Ma. Due to extensive cover and poorly known or ambiguous contact relationships, structural levels above the Tennessee Mountain Formation are illustrated schematically. However, unit thicknesses and structural relationships are consistent with relationships in adjoining areas (e.g., Coats, 1964 Coats, , 1987 Bushnell, 1967; Coash, 1967; Ketner et al., 1993 Ketner et al., , 1995 (Table 1) . These dates indicate a ca. 5 Ma hiatus in basin fi lling and presumably in normal faulting (Fig. 9) . Both formations were subsequently tilted ~25° toward 220°. The tilted strata are intruded by 16. Ar K-feldspar and (U-Th)/He apatite ages from lower plate rocks further constrain the progression of extensional unroofi ng outlined above (McGrew et al., 2007) . A boulder of quartz monzonite collected from the Meadow Fork Formation documents that the footwall clast cooled through (U-Th)/He apatite closure (nominally 70 °C) by 43.0 ± 2.1 Ma followed by exhumation to the surface, erosion and redeposition in the adjoining basin before 29.5 Ma. Similarly, granitoid samples from the structurally highest, western part of the lower plate yield (U-Th)/ He apatite cooling ages of 40.9-42.1 Ma, consistent with Eocene unroofi ng of these rocks as illustrated in Figure 8A . In addition, the structurally deeper eastern part of the range yields (U-Th)/He zircon ages of 46.1 and 53.7 Ma, and K-feldspar multi-diffusion domain modeling suggests that fi nal cooling began in the same 40-45 Ma time frame. Finally, granitic rocks from the intermediate fault slice between the Copper Creek and Meadow Fork faults yield a (U-Th)/He apatite cooling age of 32.6 ± 2 Ma. This suggests that cooling and exhumation of the fault slice immediately beneath the Meadow Fork fault probably did not occur until the Oligocene and was approximately synchronous with the second pulse of extension recorded by the deposition of the Meadow Fork Formation.
A potentially surprising aspect of the relationships at Copper Basin is the absence of a growth fault relationship, i.e., fanning of dips forming angular unconformities between the Eocene and Oligocene strata. However, the absence of such a relationship does not necessarily preclude syntectonic deposition. Rather, it could merely indicate that during the initial phases of extension the proximal part of the hanging wall immediately adjacent to the fault subsided with little or no rotation and hence without developing a growth faulting relationship. Instead, most of the rotation must have occurred during the closing phases of slip on the bounding normal fault. This progression would require that the initial fault geometry was relatively planar down to mid-crustal depths (6-10 km), at which depth the fault must have become increasingly listric. Under these conditions, rotation of the proximal part of the hanging wall would not be expected to occur until it was translated down against the lower-angle part of the listric fault surface.
Taken together, currently available evidence from Copper Basin indicates that extension on the adjacent fault systems must have initiated with an early pulse of normal faulting in the late Eocene, followed by a lull during the early Oligocene, and then a pulse of extension in the late Oligocene. Extension on the Copper Creek fault system must have been largely completed before the Miocene based on: (1) (U-Th)/He apatite cooling ages no younger than 27.0 Ma in the lower plate from the footwall of the fault, (2) appearance of footwall clasts in syntectonic fanglomerate deposits by 32.5 Ma, and (3) a probable angular unconformity between west-tilted Oligocene rocks and overlying middle Miocene Jarbidge Rhyolite. Nevertheless, more widely distributed normal faults with substantial displacement (probably ≥1 km on the Bruneau Valley fault west of Copper Mountain) cut, offset and rotate the Jarbidge Rhyolite, documenting signifi cant middle Miocene or later extension.
Evidence from Miocene Basins and Thermochronology (J.P. Colgan)
Based on a synthesis of new and existing data covering an area from the East Range to the Ruby Mountains, Colgan and Henry (2009) advanced the hypothesis that-rather than a quasicontinuous process from the Eocene to the present-Basin and Range extension in north-central Nevada took place primarily during a relatively brief interval in the Miocene that began ca. 17-16 Ma and was over by 12-10 Ma, following a period of quiescence from ca. 35-17 Ma during which little or no deformation, deposition, and volcanism took place.
Primary lines of evidence for this interpretation include: (1) the lack of Tertiary rocks dating from ca. 35 Ma to 17 Ma, which indicates a period of little or no surfi cial deformation and volcanism in the Oligocene and early Miocene; (2) the age, composition, and distribution of Miocene sedimentary rocks (Humboldt Formation and age-equivalent units), which were deposited over a very wide area beginning at essentially the same time (17-16 Ma) and consist of coarse material shed from rising, faultbounded blocks into nearby basins; and (3) apatite fi ssion-track and (U-Th)/He data from exhumed footwall blocks in several ranges, which document rapid cooling beginning ca. 17-15 Ma. Rapid extension during this specifi c time window has been documented across nearly the entire modern extent of the northern Basin and Range province and is thus a province-wide phenomenon not limited to northeastern Nevada.
In northeastern and north-central Nevada, normal faults and sedimentary basins formed during the middle Miocene are crosscut by distinctly younger normal faults that are high-angle, much more widely spaced, and represent very minor horizontal extension. The major east-dipping normal faults that bound the east sides of the Ruby Mountains and East Humboldt Ranges (Day 1) are examples of this generation of structures. The onset of this faulting is younger than 10 Ma but otherwise poorly constrained. These high-angle faults have Quaternary slip and one, the "Clover Hill fault," observable along our route to Stop 1-4, slipped on 21 February 2008, yielding a M w 6.0 earthquake, which did not break the surface but did signifi cant damage to the town of Wells (dePolo et al., 2011) .
Summary of Observations: Cenozoic Extension
All authors agree that:
(1) The record of deep-crustal cooling and decompression between the Late Cretaceous and early Miocene implies substantial, but incomplete unroofi ng of deep-crustal rocks exposed in the RMEH, but whether this unroofi ng was tied to simultaneous major extension at shallower crustal levels is uncertain.
(2) Extension occurred in the Eocene, but its distribution, amount, and style are uncertain. Eocene extension may have been widespread over northeastern Nevada or more narrowly focused on a few well-developed systems such as the RMEH. This episode produced small basins, thin sedimentary deposits, and mostly small stratal tilts. Whether these differences compared to Miocene extension refl ect different magnitude or different style of extension is particularly uncertain.
(3) The record of Oligocene volcanism, sedimentation, and surfi cial extension is minimally preserved at best and may be restricted to just a few isolated localities such as Copper Basin. Whether this implies that Oligocene extension was largely absent, restricted to a particularly narrow region, or proceeded under a fundamentally different tectonic regime that may not have left a clear surfi cial record is unknown.
(4) Extension beginning in the middle Miocene was widespread throughout northeastern Nevada, and indeed, across the entire northern Basin and Range province. The magnitude of extension varied across the region, but, where large, this episode generally produced large basins, thick sedimentary deposits, and large stratal tilts.
FIELD TRIP GUIDE Day 1. Northern East Humboldt Range and the Secret Creek Gorge Area, Northern Ruby Mountains, Nevada
Overview of the Ruby Mountains-East Humboldt Range (RMEH) Core Complex
The fi rst part of this fi eld excursion focuses on fi eld relationships at a variety of structural levels in the core complex as exposed at its northern end in the East Humboldt Range (Fig.  10) . The Tertiary extensional architecture of the RMEH consists of two structural tiers (Sullivan and Snoke, 2007) . The upper tier consists of non-metamorphosed to weakly metamorphosed, brittlely attenuated stratifi ed rocks. These rocks range in age from late Paleozoic to Miocene and lie above the frictional/brittle, normal-sense, Ruby-East Humboldt detachment fault. The uppermost part of the lower structural tier is a km-thick, west-rooted, Tertiary mylonitic shear zone that passes down into a "metamorphic infrastructure" (Armstrong and Hansen, 1966) .
The evolution of the Ruby-East Humboldt detachment fault system and its relationship to the mid-Tertiary mylonitic shear zone of the lower structural tier have not been completely deciphered despite many detailed studies of this plastic-to-brittle fault/shear-zone system (Hacker et al., 1990; Hurlow et al., 1991; Mueller and Snoke, 1993b; MacCready, 1996; McGrew and Casey, 1993; Colgan et al., 2010; Haines and van der Pluijm, 2010) . Virtually all of the brittle deformation associated with the exposed fault system overprints and therefore postdates the mid-Tertiary mylonitic shear zone. Thermobarometric data from mylonitic pelitic schists indicate a P-T of 3.1-3.7 kbar and 580-620 °C (Hurlow et al., 1991) -physical conditions well beyond the onset of quartz and feldspar plasticity (Scholz, 1990) .
Thermochronological data indicate that mylonites were significantly cooler than 300 °C by the early Miocene (Dallmeyer et al., 1986; Dokka et al., 1986; McGrew and Snee, 1994) , and middle to upper Miocene rocks locally occur in the hanging wall of the detachment system Mueller and Snoke, 1993b ; Fig. 10 ). Finally, although the bulk of the thermochronologic and radiometric data suggest that mylonitization occurred in the time interval of ca. 29-21.5 Ma (Wright and Snoke, 1993) , some thermochronological data and fi eld relationships suggest that Eocene mylonitization may be related to an earlier movement history along the shear zone that was strongly overprinted by late Oligocene mylonitization (Mueller and Snoke, 1993b; Wright and Snoke, 1993; McGrew and Snee, 1994; Snoke et al., 1997; Howard, 2003) .
Stops 1-1 through 1-3 are along or accessed from Nevada Highway 231 (Angel Lake Highway). Take the west Wells exit from I-80, turn south onto Humboldt Avenue, then west on the Angel Lake Highway. Drive ~4.6 mi to Stop 1-1.
Note: All locations are in UTM, NAD27. The following description is modifi ed from Stop 7 of Mueller and Snoke (1993b) and Stop 2-1 of Snoke et al. (1997) . Pull off road to the right into large parking space.
From this locality, there is an excellent view westward of the high country of the northern East Humboldt Range as well as the tree-covered forerange and low-lying foothills. The high-country is underlain by amphibolite-facies metamorphic rocks and is part of the high-grade footwall of the East Humboldt metamorphic core complex (McGrew, 1992; McGrew et al., 2000) . The forerange is underlain by unmetamorphosed upper Paleozoic sedimentary rocks, and the low foothills expose Tertiary sedimentary and volcanic rocks (Fig. 10) . These Paleozoic and Tertiary rocks constitute part of the hanging-wall sequence of the East Humboldt Range core complex. The East Humboldt plastic-to-brittle shear zone/detachment fault system originally separated these disparate crustal levels before being offset by late, high-angle normal faults (Mueller and Snoke, 1993a) .
A principal feature of the metamorphic terrane is the basement-cored, southward-closing, Winchell Lake fold-nappe (Lush et al., 1988; McGrew, 1992;  Fig. 5A ). Chimney Rock, a prominent isolated peak (at about azimuth 235°), is composed of orthogneiss and paragneiss that form the core of this largescale recumbent fold. The tree-covered forerange consists chiefl y of Pennsylvanian and Permian carbonate rocks (Ely Limestone, Pequop Formation, Murdock Mountain Formation), but also includes Pennsylvanian and Mississippian Diamond Peak Formation. A prominent high-angle normal fault separates the Paleozoic rocks from the Tertiary strata. Reddish-brown-weathering siliceous breccia (so-called jasperoid) crops out locally along the contact (e.g., at ~240°). Prominent outcrops in the low-lying Tertiary terrane are lens-like masses of megabreccia derived from middle Paleozoic carbonate rocks (Stop 1-2). Finally, rhyolite porphyry of the Willow Creek complex (Jarbidge Rhyolite type) forms an isolated body along the range front at about azimuth 205°, and a prominent mass of rhyolite is at ~300°.
A low-angle normal fault exposed in the west roadcut (Fig.  5D) immediately north of the pull-out separates steeply dipping Miocene fanglomerate of the hanging wall from a footwall of platy marble representing Ordovician and/or Cambrian strata intruded by pegmatitic leucogranite. Red gouge separates the two units, and the top of the marble is brecciated. As the fault is traced northward along strike, a fault-bounded slice of metadolomite (Silurian and/or Devonian protolith) is present along this tectonic boundary (Fig. 10) .
Optional traverse. If the high country is too snow-covered for direct fi eld examination or not accessible, metamorphic rocks are exposed between our parking spot at Stop 1-1 and the ridgeline of Clover Hill. The fl ank of Clover Hill to the ridgeline is a dip slope consisting chiefl y of fl aggy, mylonitic quartzite (CZqs) of the footwall. Locally, scattered remnants of mylonitic, impure calcite marble structurally overlie the mylonitic quartzite. Eventually, we will reach kyanite-bearing pelitic schist (Neoproterozoic McCoy Creek Group-probably McCoy Creek G unit of Misch and Hazzard [1962] ), which is characterized by a GRAIL metamorphic mineral assemblage: muscovite + biotite + plagioclase + garnet + kyanite + sillimanite + rutile + ilmenite Snoke, 1992) . Based on textural relationships, sillimanite (i.e., fi brolite) is a late, minor mineral phase in the metapelitic schists exposed on Clover Hill. Compositionally banded granitic orthogneiss (inferred to be equivalent to the orthogneiss of Angel Lake; Stop 1-3) and associated paragneisses occur in a complexly folded and plastically faulted zone that forms the structurally deepest level exposed on Clover Hill below the ridgeline.
Return to vehicles and continue westward along the Angel Lake Highway for ~1.8 mi. (665075 4544850, Welcome 7.5′ quadrangle) Please watch out for rattlesnakes, especially around the megabreccia outcrop. The following description is modifi ed from Stop 8 of Mueller and Snoke (1993b) and Stop 2-2 of Snoke et al. (1997) .
Stop 1-2. Megabreccia Deposits and Surrounding Tertiary Strata
In the northern East Humboldt Range, the Humboldt Formation immediately above the middle to late Eocene volcanic and sedimentary rocks consists chiefl y of thick-bedded conglomerate and sedimentary breccia (Fig. 11) . These coarsegrained deposits disconformably overlie the Eocene rocks, and pebbles of volcanic rock derived from the older Tertiary deposits are a conspicuous component of the detritus near the base of the Humboldt Formation. However, this aspect quickly changes up section, and the Humboldt Formation typically consists nearly exclusively of coarse detritus from Paleozoic formations, chiefl y the Diamond Peak, Chainman, and Guilmette formations. Megabreccia derived from the Guilmette Formation forms discontinuous lenses in the Humboldt Formation; fi ne-grained lacustrine limestone, locally cherty, and minor sandstone is intercalated with these coarse deposits.
The roadcut immediately across from the parking place and those to the west provide a useful starting place to examine the megabreccia deposits and encasing beds that are all within what is here termed the lower Humboldt Formation (Thl) (Fig. 11) . After briefl y examining the roadcut exposing lacustrine limestone and conglomerate, walk west up the road (stratigraphically downward) toward the dark gray roadcuts of megabreccia derived from the Upper Devonian Guilmette Formation. This megabreccia is one of a group of lens-like masses within the Tertiary lower Humboldt Formation, and it both overlies and underlies lacustrine limestone and conglomerate. Therefore, this megabreccia lens, as well as the others, is encased in Tertiary deposits. After examining these roadcut exposures, walk north along the megabreccia lens examining the brecciated internal structure of the deposit. Despite pervasive brecciation, the megabreccia deposits locally display vestiges of relict bedding. If time is available, walk northeastward to another megabreccia lens composed of metadolomite and quartzite derived from Devonian and/or Silurian protoliths. Similar metadolomite and quartzite are exposed as bedrock in place on Clover Hill to the east. Continue westward on the Angel Lake Highway for ~5.3 mi to Angel Lake, where we hike a steep, 2.0 km traverse west of the lake with an elevation gain of 150 m (~500 ft) to ~2700 m (8860 ft).
Stop 1-3. Angel Lake (661050 4543196, Welcome 7.5′ quadrangle) Angel Lake cirque affords an opportunity to appraise the style and conditions of metamorphism and intrusive relationships as well as the deformational character of the high-grade infrastructure of the East Humboldt metamorphic core complex. The large-scale structural architecture of Angel Lake cirque is controlled by the Winchell Lake fold-nappe (Figs. 5A, 10, 12) . Although the best exposures of the closure of this fold occur at Winchell Lake cirque ~7 km to the south, a transect from Angel Lake westward to the crest of Greys Peak would take the climber completely through both limbs of the fold. The Greys Peak fold, a map-scale parasitic fold on the upper limb of the Winchell Lake fold-nappe, is visible on the eastward-facing cliff face directly beneath Greys Peak.
Well-developed mylonitic fabrics overprint the fold-nappe in the upper part of the cirque, forming a thick zone of protomylonitic gneiss with WNW-directed kinematic indicators. These rocks represent the northern extent of the Ruby-East Humboldt mylonitic shear zone, which extends over 100 km to the south along the west fl anks of both the East Humboldt Range and Ruby Mountains. The mylonitic rocks gradually give way to coarse-grained gneisses with increasing structural depth, and our transect is located entirely within the coarse-grained gneiss domain beneath the mylonitic shear zone. Shear-sense indicators, to the extent that they are observed in this zone, tend to be ESE-directed, antithetical to the overlying mylonitic zone (McGrew, 1992) .
The transect climbs through the characteristic stratigraphic sequence on the lower limb of the fold-nappe from bottom to top (Fig. 12): (1) a quartzite and schist sequence of probable Early Cambrian to Neoproterozoic age (CZqs); (2) a thin sequence of calcite marble and calc-silicate gneiss that is probably Upper Cambrian and Ordovician (OCm); (3) a discontinuous, thin orthoquartzite layer (<2 m thick) inferred to correlate with the Ordovician Eureka Quartzite (Oq); (4) a sequence of dolomite marble correlated with Ordovician to Devonian dolomite (DOd); (5) more calcite marble, locally including isolated enclaves of intensely migmatized rusty-weathering graphitic schist (MD?mu); (6) a sequence of highly migmatized quartzofeldspathic to quartzitic paragneiss and schist (Zqs) inferred to correlate with Neoproterozoic (McCoy Creek Group) based on U-Pb SHRIMP analysis of detrital zircons (W.R. Premo, 2010, personal commun.) ; (7) a thick sequence of distinctively banded biotite monzogranitic orthogneiss of Angel Lake that is probably Archean or near-Archean (XWog; W.R. Premo, 2010, personal commun.; Lush et al., 1988; Premo et al., 2008; McGrew and Snoke, 2010; Premo et al., 2010) ; and (8) a sequence of strongly migmatitic biotite schist and immature, quartzofeldspathic paragneiss forming the core of the Winchell Lake fold-nappe in this location and probably Paleoproterozoic or latest Archean age (XWpg) based on U-Pb SHRIMP analysis of detrital and metamorphic zircons (W.R. Premo, 2010, personal commun.) . The same sequence is present in reverse order on the upper limb of the fold-nappe below Greys Peak. The contact between inferred middle to upper Paleozoic marble (MD?mu) and Neoproterozoic paragneiss (Zqs), must be a pre-folding, pre-metamorphic fault. The contact between Neoproterozoic McCoy Creek Group (Zqs) and Archean orthogneiss (XWog) could be either another pre-metamorphic fault or an unconformity. The contact between Archean orthogneiss and paragneiss (XWpg) could be unconformable, intrusive, or tectonic.
Although the oldest rocks occupy the core of the Winchell Lake fold-nappe, the stratigraphic facing direction of the miogeoclinal sequence is inward, not outward. Therefore it is unclear whether the Winchell Lake fold is anticlinal or synclinal. If synclinal, the Precambrian gneiss complex must have been inverted as it was thrust over the miogeoclinal rocks before folding. If anticlinal, before folding, the miogeoclinal rocks must have been inverted and faulted over the Neoproterozoic McCoy Creek Group, which itself overlays the Archean-Early Paleoproterozoic gneiss. Either reconstruction requires a complex, polydeformational history, although the synclinal interpretation may be easier to envision. Nevertheless, the slightly greater attenuation of the lower limb of the fold and the presence of both south-and northvergent small-scale folds on the lower limb would seem to argue for an anticline as discussed below.
Small-scale folds occur throughout the transect, with hinge lines parallel to well-developed stretching lineations, showing an average orientation of 5°/295°. Similarly, the axial surfaces of small-scale folds are approximately parallel to foliation, with an average orientation of 270°/15°. Three-dimensional constraints indicate that the map-scale folds (i.e., the Greys Peak fold and Winchell Lake fold-nappe) show the same WNW trend as the smaller scale structures. However, there is considerable dispersion in the small-scale structural data at deep structural levels, and a cryptic, northerly trending lineation of uncertain age can be observed locally. In addition, whereas folds on the upper limb of the Winchell Lake fold-nappe verge systematically southward toward the hinge zone of the fi rst-order structure, folds on the lower limb verge both northward and southward and commonly exhibit "refolded fold" geometries (Ramsey Type 3 interference patterns) (Fig. 5C ). The simplest interpretation of these relationships would entail the overprinting of S-folds by Z-folds as they migrate from the upright to the overturned limb of the largerscale structure as the fold-nappe grows in "tractor tread" fashion. If so, then the fold-nappe would be required to be anticlinal.
The most characteristic pelitic mineral assemblage at all structural levels in Angel Lake cirque is biotite + sillimanite + garnet + quartz + plagioclase ± K-feldspar ± chlorite ± muscovite ± rutile ± ilmenite. However, scarce relict subassemblages of kyanite + staurolite survive on the upper limb of the Winchell Lake fold-nappe. In addition, late stage muscovite and chlorite become increasingly prominent in the well-developed mylonitic rocks at higher structural levels. Five samples of schist from Angel Lake cirque yield internally consistent P-T estimates ranging from 630° ± 105 °C, 5.2 ± 1.2 kbar near the base of the cirque to 700° ± 125 °C, 8.3 ± 1.2 kbar on the ridge line in the northwest corner of the cirque (McGrew et al., 2000) . Mark Peters analyzed an amphibolite collected at 2780 m (9120 ft) on the north side of the cirque that yielded the highest P-T estimate reported from the East Humboldt Range, 752° ± 138 °C, 9.3 ± 1.1 kbar. Thus, the Angel Lake area by itself yields much the same P-T trend as has been recognized for the whole East Humboldt Range, and we interpret this trend to represent re-equilibration at various stages along a decompressional P-T trajectory ( Fig. 6; McGrew et al.,  2000) . The higher structural levels in Angel Lake cirque may have cooled and equilibrated at a relatively early stage in the unroofing history as indicated by an Ar muscovite and biotite closure temperatures (nominally 350 °C and 280 °C, respectively) occurred by ca. 21.5 Ma, presumably due to exhumation along the RMEH mylonitic shear zone (McGrew and Snee, 1994) .
Localities A-F below (Fig. 12 ) mark our planned transect through the lower part of Angel Lake cirque. As snow often lingers deep in the cirque until well into June, we may have to modify this plan depending on conditions. Locality A. Follow the well-developed path around the south side of the lake to the low bedrock hill labeled "A" on the geologic map (Fig. 12) . This locality exposes the inferred Neoproterozoic and Cambrian quartzite and schist (Zqs) at the deepest structural levels on the lower limb of the fold-nappe.
The East Humboldt Range is permeated by intrusive rocks of various ages and compositions, particularly abundant leucogranite at this deep structural level. We interpret at least four generations of leucogranitic intrusion based on cross-cutting relationships. In addition to the leucogranites, sheets of biotite monzogranitic orthogneiss are abundant throughout the RMEH and have yielded U-Pb zircon ages of ca. 29 Ma in many locations, including one at the northwest corner of Angel Lake (locality F) (Wright and Snoke, 1993) . Consequently, these monzogranitic sheets are useful gauges for deciphering the structural chronology. The biotite monzogranites cut older generations of leucogranite, but some leucogranite either cuts or intermingles with the monzogranites. At higher structural levels, mylonitic fabrics clearly overprint the monzogranites, providing a crucial constraint on the age of mylonitic deformation. Steeply dipping, amygdaloidal basalt dikes that occupy three deep clefts through the south wall of the cirque were the fi nal phase in the intrusive history of the East Humboldt Range. The end of one of these amygdaloidal basalt dikes can be inspected near this locality. Similar dikes yield approximate ages of 17-14 Ma elsewhere in the Ruby Mountains and East Humboldt Range, providing a younger limit on the age of plastic deformation (Snoke, 1980; Hudec, 1992) . Locality B. Continue over and around the small hill on the southwest side of the lake and cross the stream to point "B" on the map (Fig. 12) . The rocks near the base of the slope form a particularly diverse and structurally complex paragneiss sequence. Can you fi nd any amphibolite boudins near here? Normally, amphibolite bodies in the East Humboldt Range are found only in the older Precambrian rocks forming the central part of the cirque, where they probably represent metamorphosed mafi c bodies that were presumably intruded before deposition of the upper part of the McCoy Creek Group and the overlying Prospect Mountain Quartzite. However, here one or two amphibolite bodies occur in the inferred Cambrian and/or Neoproterozoic quartzite and schist sequence. The age of the strata at this locality is constrained by anomalously high δ 13 C values in the thin marble layers that are interdigitated with the quartzite and schist. As discussed in detail by Peters and Wickham (1992) and Wickham and Peters (1992) , the high δ 13 C values of these marble layers probably are original protolith values and indicate deposition during one of the Neoproterozoic carbon isotope excursions (e.g., Halverson et al., 2005) . Accordingly, these rocks are inferred to correlate with the Neoproterozoic McCoy Creek Group. Locality C. Contour along the foot of the slope to the base of the waterfall on the west side of the cirque; cross to the south side of the stream. The traverse works upward from the inferred Prospect Mountain Quartzite at the base through the lower calcite marble sequence (OCm) to a distinctive thin, white orthoquartzite approximately halfway up the waterfall. This is the Ordovician Eureka quartzite (Oq), and immediately above it is a relatively thick unit of dolomitic marble (DOd). Marble and calc-silicate assemblages here typically consist of calcite + diopside + quartz ± dolomite ± phlogopite ± plagioclase ± grossular ± scapolite ± K-feldspar ± sphene ± amphibole ± epidote. Peters and Wickham (1994) report that the diopside-bearing primary assemblages probably equilibrated at ≥6 kbar, 550-750 °C and likely record conditions during Late Cretaceous or early Cenozoic metamorphism. They also report a secondary subassemblage, amphibole + grossular + epidote, that records infi ltration of water-rich fl uids under a metamorphic regime that proceeded from high temperature (600-750 °C) to lower temperature (<525 °C) conditions. This event was probably related to Tertiary extension and associated magmatism. Above the dolomitic marble is more calcite marble, presumably of Devonian to Lower Mississippian age (MD?mu). At the top of the waterfall are a series of steep, ~1-m-thick, cross-cutting aplitic leucogranite dikes, probably the latest intrusive phase exposed in the East Humboldt Range other than the middle Miocene basaltic dikes.
Locality D. From the top of the waterfall, regroup at a ledge on the north side of the stream marking the contact with the overlying quartzite and schist sequence (Zqs). Detrital zircon data show a well-developed spike of Grenville-aged zircons, with the youngest zircons being ca. 900 Ma (W.R. Premo, unpublished data). Accordingly, this paragneiss probably correlates with the Neoproterozoic McCoy Creek Group but contrasts with the quartzite and schist sequence at the base of the cirque in that it is dominated by impure, feldspathic and/or micaceous metapsammite with little "clean" quartzite and almost no marble, except for probable infolds of middle to upper Paleozoic marble directly adjacent to the contact. In addition, volumetrically small but relatively common and widespread, inferred originally mafi c intrusions now form sheets and boudins of orthoamphibolite. Since these orthoamphibolite bodies are absent from the inferred Paleozoic metasedimentary rocks and rare in the inferred upper McCoy Creek Group rocks such as those described at Stop B, we infer that these rocks represent an older part of the McCoy Creek Group that may not be exposed elsewhere in the Great Basin.
The contact here between the McCoy Creek Group paragneiss and the underlying, inferred middle to upper Paleozoic marble sequence must be a pre-metamorphic, pre-Winchell Lake fold tectonic contact, and may be one of the major structures that buried the Paleozoic rocks to such great depth. Could the rocks at the contact be annealed mylonite? Can you recognize any possible vestiges of this inferred pre-Late Cretaceous shearing event?
Locality E. The traverse from locality D works through sporadic outcrops of lower McCoy Creek paragneiss to locality E on the north side of the cirque, where the contact with the banded biotite monzogranitic orthogneiss of Angel Lake (XWog) is exposed (Fig. 5B) . Generally pale gray, this coarse-grained rock locally displays feldspar augen and is easily recognized by its distinctive striped appearance due to biotite segregation. As discussed in detail in the section on Precambrian, this unit was dated as Late Archean by Lush et al. (1988) , but U-Pb SHRIMP analysis of zircons from a newly collected, more homogeneous and far less migmatized sample near the top of the orthogneiss complex west of Chimney Rock yielded an earliest Paleoproterozoic age (2450 ± 5 Ma; W.R. Premo, 2010, personal commun.) . In addition, renewed fi eld investigation of the gneiss complex of Angel Lake led to the delineation of a previously unmapped unit of impure, micaceous, feldspathic paragneiss and intensely migmatized biotite schist occupying the core of the Winchell Lake fold (XWpg; Fig. 12 ). Newly acquired U-Pb SHRIMP data on detrital zircons from this unit constrain it to be younger than ca. 2550 Ma (the age of the youngest detrital zircons) and older than a previously unrecognized ca. 1.8 Ga metamorphic event recorded by a few metamorphic zircons (W.R. Premo, 2010, personal commun.) . So far we have not been able to decipher the original contact relationships between this newly recognized late Archean or Paleoproterozoic paragneiss and the orthogneiss that is folded around it, but if time and snow conditions permit, ambitious climbers may be able to climb to inspect this newly recognized map unit for themselves. Many important questions remain to be resolved about the only Archean or near-Archean rocks exposed in Nevada, and the collaboration with Wayne Premo is continuing to improve understanding of the history of these complicated exposures.
Locality F.
From locality E we will work our way down the north side of the cirque to locality F at the northwest corner of Angel Lake. As you walk, try to decipher the relative age relationships between leucogranitic intrusions, and note the variation in leucogranite abundance depending on the host rock type. Some leucogranites are fully involved in folding whereas others cut folds. Outcrops at locality F consist predominantly of biotite monzogranitic and leucogranitic orthogneiss. The biotite monzogranite at this locality has yielded a U-Pb zircon age of 29 ± 0.5 Ma (Wright and Snoke, 1993) . Is this sheet of monzogranite folded? Walk around the corner of the outcrop before you decide. Some monzogranitic sheets are clearly involved in folding, but others cut folds, and at map scale a number of monzogranitic bodies cut the Winchell Lake fold-nappe itself, lending credence to the interpretation that the Winchell Lake fold predates Oligocene deformation. However, the monzogranitic orthogneisses bear the same WNW-trending stretching lineations as the country rock, and at higher structural levels they are overprinted by mylonitic microstructures, thus documenting a post-29 Ma age for extensional deformation. It seems highly likely that older structures were profoundly transposed during Tertiary deformation, including the Winchell Lake fold-nappe itself.
From locality F, follow the trail around the north and east sides of Angel Lake to the parking lot. Return to Wells and drive ~28 mi south on U.S. Highway 93 from the east Wells exit off I-80. Turn west on Nevada Highway 229, which turns north after ~14 mi. Drive ~1 mi north to Stop 1-4. (647160 4525050, Soldier Peak 7.5′ quadrangle) Pull left into large parking space. From here we walk back up the road to Stop 1-4. The following description is modifi ed from Stop 12 of Snoke et al. (1984) and Stop 3-1 of Snoke et al. (1997) . Please watch out for rattlesnakes in this area.
Stop 1-4. Secret Creek Gorge, Northern Ruby Mountains
This stop consists of a guided traverse through an anastomosing system of distinctive lithologic slices bounded by lowangle normal faults (perhaps best referred to as an extensional duplex structure; Fig. 13 ). The purpose of this traverse is to demonstrate the complex structural style characteristic of the lowangle fault complex, but also to develop the structural chronology between mylonitic deformation, low-angle normal faulting, and high-angle normal faulting. To facilitate the use of this guide, specifi c localities are designated A-F on Figure 13 . Locality A (roadcut along Nevada 229). Mylonitic, interlayered migmatitic schist and impure quartzite with subordinate orthogneiss, cut by numerous westward-dipping normal faults. Many of the normal faults are planar, but a few are clearly curviplanar. Associated with the westward-dipping normal faults are spectacular drag features as well as crushed zones and thin ultramylonitic to cataclastic layers along the fault planes. In addition, fl aggy micaceous quartzites with conspicuous mica porphyroclasts ("mica fi sh") are useful indicators of the senseof-shear in the mylonite zone. Other mesoscopic criteria useful in the determination of sense-of-shear include asymmetric feldspar porphyroclasts, composite planar surfaces in pelitic schists (S-C-C′ fabric), and mesoscopic folds that deform the mylonitic foliation. Well-developed microstructural fabrics are also common in these mylonitic rocks (e.g., the mylonitic impure quartzites are classic examples of Type II S-C mylonites of Lister and Snoke, 1984) . All of these criteria taken together indicate a top to the west-northwest sense-of-shear throughout the quartzite and schist unit in the northern Ruby Mountains and southwestern East Humboldt Range. The mylonitic quartzites at this locality as well as other rock types in the Secret Creek gorge area were the subject of a stable isotope study by Fricke et al. (1992) , which demonstrated the importance of meteoric water infi ltration during mylonitization.
Locality B (roadcut exposure along Nevada 229, west of Locality A). We have crossed a low-angle normal fault that separates the overlying Horse Creek assemblage from the underlying quartzite and schist unit. The Horse Creek assemblage is diverse and includes impure calcite marble and calc-silicate gneiss and schist (inferred Ordovician and Cambrian protoliths), and mafi c to felsic orthogneisses including a distinctive deformed biotitehornblende mafi c quartz diorite. Mylonitic rocks are ubiquitous and include spectacular calc-mylonite containing competent mineral grains and rock clasts. Many of the obvious folds deform the mylonitic foliation and display westward vergence. Folded boudins and dismembered folds are other manifestations of a complex strain history (inferred as progressive, non-coaxial deformation). Scarce sheath folds also occur in the Horse Creek assemblage.
Locality C (slope above old road bed). Folded mylonitic white quartzite in the Horse Creek assemblage. This west-vergent fold displays rotation of an earlier mylonitic lineation during late folding in the mylonitic shear zone.
Locality D (along the old road). Disharmonic west-vergent folds in the Horse Creek assemblage. Rock types include impure calcite marble with mafi c pelitic layers, granodioritic augen gneiss, and white quartzite. Note how layer thickness controlled the amplitude and wavelength of the folds.
The traverse between localities D and E along the old road crosses the low-angle fault contact between the overlying Horse Creek assemblage and the underlying quartzite and schist unit several times. A secondary black ultramylonite is common along this contact (i.e., a ductile-brittle low-angle fault) where the mylonitic foliation in both the upper and lower plates is roughly subparallel. In other cases, where foliation in the upper plate is highly discordant to foliation in the lower plate, the contact appears to be a brittle low-angle normal fault that has perhaps soled into (i.e., reworked) the earlier ductile-brittle low-angle fault. Furthermore, steeper normal faults cut the Horse Creek plate.
Locality E. We are presently situated on the Horse Creek assemblage. The contact between the Horse Creek assemblage and underlying quartzite and schist unit can be seen in fi ne detail up canyon. The mapped low-angle fault contact is probably composite; parts of the contact are a low-angle, ductile-brittle fault and parts are younger, low-angle brittle normal faults that have soled into the older ductile-brittle fault.
Locality F. The slope above the old road crosses two lowangle normal faults. The lower fault (the main break in metamorphic grade and here the top of the mylonitic zone) separates the Horse Creek assemblage from a higher slice of low-grade metadolomite; the upper fault separates the metadolomite from a structurally higher slice of low-grade but fossiliferous Upper Devonian Guilmette Formation. At this locality, the Guilmette Formation is a medium gray, highly calcite-veined, low-grade metalimestone. A similar tectonic slice of Guilmette Formation exposed south of Secret Creek gorge yielded Late Devonian conodonts with color alteration index (CAI) = 5½, suggesting that the host rock reached 300-350 °C (A. Harris, 1982, written commun.) .
At the top of the hill (i.e., the resistant gray exposures of Guilmette Formation), part of a roadcut that exposes dismembered Diamond Peak Formation can be seen to the east-southeast, across from where the vehicles are parked. This roadcut is topographically and structurally above your present position. Therefore, another low-angle fault must separate the Upper Devonian Guilmette Formation from the Mississippian and Pennsylvanian Diamond Peak Formation. Structurally above the roadcut, Miocene Humboldt Formation is also in low-angle fault contact with the underlying rocks of the Diamond Peak Formation as well as Horse Creek assemblage (Fig. 13 ). Haines and van der Pluijm (2010) used X-ray diffraction to characterize clay minerals in gouges related to low-angle and high-angle faults exposed along Nevada 229 and 40 Ar/ 39 Ar to date the clay minerals. A key locality in their study was the roadcut across from where the vehicles are parked (their locality Secret-2). Authigenic illite-rich illite/ smectite in the gouges, including this locality, yielded ages of 11.6 ± 0.1 Ma, 12.3 ± 0.1 Ma, and <13.8 ± 0.2 Ma. Based on these ages, Haines and van der Pluijm (2010) concluded the last major period of activity along the low-angle faults (part of the detachment system) and a kinematically related high-angle fault was 13-11 Ma.
Upon completion of the traverse, please congregate in the parking area and examine the roadcut across from the vehicles. Return to Wells by continuing westward to the Halleck interchange and then eastward on I-80. Stop 1-4 can also be accessed by this return route.
Day 2. North Paleovalley and Copper Basin
In dry conditions, Copper Basin can be reached by taking Elko County Road 747 (the Charleston-Deeth Road) 42.7 mi north from I-80 at the Deeth exit (Nevada Highway 230) to the intersection with Elko County Road 746 at Charleston Reservoir (Stop 2-3 is in the low hills northwest of this junction). In poorer weather, take Nevada Highway 225 (the Mountain City Highway) ~53.6 mi north from Elko to Elko County Road 746. Take ECR 746 ~20.8 mi east to the intersection with ECR 747 at Charleston Reservoir. By either route, head north on the road to Jarbidge (Jarbidge-Charleston County Road; National Forest Development Road 062). Drive ~13.1 mi north to an unmarked track to west (626756 4622232), the start of an ~6 km traverse (round-trip; Fig. 14) . Coats, 1964 Coats, , 1987 Rahl et al., 2002; and Copper Creek fault, a major east-dipping normal fault (Figs. 9, 14; Table 1 ; Coats, 1964; Axelrod, 1966a Axelrod, , 1966b Rahl et al., 2002) . In the northeastern part of the basin, coarsely plagioclasephyric basalt dated at 16.5 ± 0.2 Ma intrudes the Dead Horse Formation, and middle Miocene Jarbidge Rhyolite overlies the Eocene-Oligocene rocks in what appears to be an angular unconformity ( Fig. 9 ; Coats, 1964; Rahl et al., 2002) . The Dead Horse Formation is at least 800 m thick and consists of ash-fl ow tuff overlain by and interbedded with tuffaceous, lacustrine sedimentary rocks and lesser basal conglomerate and andesite. At least four ash-fl ow tuffs are exposed in the southern part of the Dead Horse Formation along the traverse: the 45 Ma tuff (625926 4622238 Fig. 14; Table 1 ).
Climb uphill toward the east and southeast to the Copper Basin Flora locality (626590 4622994), a mixed deciduous-coniferous fl ora discovered by Axelrod (1966a Axelrod ( , 1966b and deposited in a marginal lacustrine facies of the Copper Basin (Rigby et al., 2006) . Paleoelevation estimates from the fl ora range from 1.1 km (Axelrod, 1966a (Axelrod, , 1966b , to 2.0 ± 0.2 km (Wolfe et al., 1998) , and to 2.8 ± 1.8 km (Chase et al., 1998) . Current elevation of Copper Basin is ~2.1 km. The fl ora are in a thin (~1 m) horizon of light brown, organic-rich shale. Approximately 7-10 m beneath the shale are interbedded tuffaceous siltstone, sandstone (commonly in graded beds), and clast-supported conglomerate, consisting mostly of angular, 2-10-mm diameter volcanic clasts with subsidiary quartzite and phyllite in an ashy matrix. Less than 2 m below the base of the conglomerate is an ~6-m-thick, massive, white, fi ne-grained tuff with sparse small phenocrysts of biotite and feldspar. The tuff yields an 40 Ar/ 39 Ar age of 39.8 ± 0.2 Ma (Table 1) , suggesting a possible correlation with the tuff of Big Cottonwood Canyon. If so, the massively bedded, cobble conglomerate fi lling a channel above that tuff is missing here, replaced by a few graded beds of tuffaceous pebble conglomerate.
This location provides a good view of the northern part of the Dead Horse Formation, which consists of lacustrine deposits containing a series of white, fi ne-grained pyroclastic-fall deposits. Although Rahl et al. (2002) reported that these pyroclasticfall deposits overlay the ash-fl ow tuffs of the southern part of the basin, new 40 Ar/ 39 Ar dates indicate that the fall deposits overlap in age with the ash-fl ow tuffs ( Fig. 14; Table 1 ). Moreover, the fall deposits appear to be along strike with the dated locations of the 45 Ma tuff and tuff of Big Cottonwood Canyon. A fall deposit near the base of the section yields a biotite plateau age of 47.3 ± 0.2 Ma that would make it the oldest known Eocene tuff in northeastern Nevada. An overlying tuff dated at 41.5 ± 0.2 Ma probably correlates with the plagioclase-biotite tuff, and the tuff just below the Copper Basin fl ora may correlate with the 40 Ma tuff of Big Cottonwood Canyon. The top of the Dead Horse Formation is marked by a pyroclastic-fall tuff dated at 37.6 ± 0.4 Ma (Rahl et al., 2002) . Based on these data, A.J. McGrew interprets the fall deposits to have accumulated in a lake mostly contemporaneously with deposition of the terrestrial ash-fl ow tuffs.
In this better studied, northern part of the basin, the Dead Horse and Meadow Fork Formations mostly strike northeast and dip moderately northwest, although attitudes vary widely, indicating an angular unconformity with overlying Jarbidge Rhyolite (Fig. 14) . Based only on examination of air photos and Google Earth images, the Eocene-Oligocene(?) rocks strike north and dip moderately to the east in the southeastern part of the basin. The Jarbidge Rhyolite appears to strike and dip the same way. We infer that steep, west-dipping Miocene faults cut and tilt all the rocks in the eastern part, resulting in a northeast-striking, extensional-accommodation anticline between the two differently dipping parts of the basin. This eastern tilt domain may be visible from the fl ora locality or from the parking area.
Climb back uphill to the vehicles and drive ~12 mi south toward Charleston Reservoir along the Jarbidge-Charleston Road.
Stop 2-2 (Optional). Jarbidge Rhyolite Lava Flow Margin
Please watch for rattlesnakes. Drive south ~12 mi toward Charleston Reservoir along the Jarbidge-Charleston road. The hills to the east are the 45 Ma tuff (0623727 4609661) and Jarbidge Rhyolite, while most of the sedimentary deposits to the west are tuffaceous sedimentary rocks (Humboldt Formation?; Coats, 1987) . Approximately 1.5 mi north of the junction with Elko County Road 746 (at Charleston Reservoir), stop and park (0624540 4606261). The outcrops immediately east of the road provide an outstanding example of a rhyolite lava fl ow-top (carapace) breccia (Fig. 15A) .
Jarbidge Rhyolite lavas typically contain 15%-40% smoky quartz and feldspar phenocrysts and are meta-to-peraluminous (~72-78 wt% SiO 2 and average TiO 2 /MgO = 8.2). These and other chemical characteristics identify Jarbidge magmas as "A-type." The rhyolite breccia consists of abundant pebble to boulder-sized clasts of rhyolite vitrophyre, fl ow-banded stony rhyolite, and massive stony rhyolite. Vitrophyre boulders weather out from beneath the breccia in places; this is consistent with the breccia being the upper carapace of the fl ow. Callicoat (2010) interpreted this exposure to be the western margin of a Jarbidge Rhyolite lava fl ow.
The total volume of Jarbidge Rhyolite exposures in this region is estimated to be ~500 km 3 , which is similar to the Central Plateau rhyolites in Yellowstone . However, unlike Yellowstone, no caldera-source appears present. Instead, Callicoat (2010) suggested that the Jarbidge magmatic system, although very large (total magma volumes equal or greater than 1500 km 3 ), was characterized by primarily effusive eruptions similar to other large volume silicic systems dominated by effusive volcanism (e.g., the Taylor Creek Rhyolite, New Mexico; the Badlands lava fl ow, Idaho). Jarbidge rhyolite lava fl ows between this location and Copper Basin, as well as fl ows farther north along the road, yield ages between ca. 16 and 15.5 Ma (Callicoat, 2010; Brueseke, unpublished data) .
Stop 2-3. Charleston Reservoir Fluvial Megabreccia and Ash-Flow Tuff Relationships
Please watch for rattlesnakes. Drive south to the Elko County Road 746-JarbidgeCharleston Road junction and park in the open area east of the junction. Sagebrush-covered fl ats and low hills south, north, and west of the parking area are underlain by Cenozoic sedimentary strata and ash-fl ow tuffs (Fig. 15B) . Coats (1987) mapped the ash-fl ow tuffs as part of a regionally widespread Eocene unit (Tt 1 ). The sediments are likely part of the younger Humboldt Formation. Massive outcrops adjacent to and east of the reservoir are Jarbidge Rhyolite lava fl ows (Callicoat, 2010) .
Walk across the road(s) and head northwest toward the megabreccia outcrops on the small hill (Fig. 15B) . Outcrops in the vicinity of Charleston Reservoir provide an outstanding view of a "dam-burst fl ood" megabreccia deposit, as well as overlying ash-fl ow tuff, and sedimentary deposits. Cook and Brueseke (2010) presented more detailed descriptions of the Charleston Reservoir deposits and used major and trace element geochemistry, in conjunction with published data, to correlate the tuffs to other Eocene tuffs in the region. Vitrophyric ash-fl ow tuff fl oat (Tcm; Fig. 15B ) may be apparent in the fl at and slopes leading up to the megabreccia outcrop that forms the ridgeline. Geochemical analyses of the vitrophyre indicates that it is the Tuff of Coal Mine Canyon (Cook and Brueseke; , which had not previously been identifi ed in this region. Its presence here and to the north in Copper Basin provides evidence of a paleovalley intersecting the north paleovalley of Henry (2008) and is consistent with a source caldera located to the southwest.
The megabreccia exposure is ~4.5 m high (Fig. 15C) . This deposit forms a resistant topographic high of semi-continuous outcrop between the two roads (Fig. 15B) . Breccia clasts are angular to subrounded, pebble to boulder-sized, plagioclase-biotite tuff (Cook and Brueseke, 2010;  Fig. 15D; 0624776 4604533) . The matrix consists of medium to coarse tuffaceous sand and gravel and sparse, <1 cm fragments of Paleozoic limestone. Although this breccia resembles caldera mesobreccia, its location and contact relationships to adjacent units suggest that its origin was via damburst type fl ood events, like other paleovally megabreccias studied by Henry (2008) . These occur after ash-fl ow tuff deposition blocks a drainage and the tuff "dam" catastrophically fails (Henry, 2008 ; see also Stop 3-1). Walk/scramble up through the exposure and continue in a northwest direction. For the next ~1/3 mi, plagioclase-biotite tuff boulders are sporadically exposed along the upper surface of the megabreccia.
After walking up and over a small rise, look for tuff of Coal Mine Canyon vitrophyre fl oat in the topographic low (Cook and Brueseke, 2010;  Fig. 15B ; 0624468 4604778). This vitrophyre is chemically identical (thus stratigraphically equivalent), to the tuff of Coal Mine Canyon vitrophyre that crops out between the well-exposed megabreccia outcrops and the parking area (Cook and Brueseke, 2010) . Cook and Brueseke (2010) suggest that this ash-fl ow tuff fl owed down the same paleovalley as the plagioclase-biotite tuff that forms the megabreccia but fl owed around and over the megabreccia. This paleovalley is interpreted to have extended to the north to Copper Basin, on the basis of a newly identifi ed outcrop of the tuff of Coal Mine Canyon in Copper Basin (Cook and Brueseke, 2010) . The tuff of Coal Mine Canyon that overlies the megabreccia dips ≤10° NW. Walk another 20-30 ft northwest and move out of the basal vitrophyre into non-vitrophyric ash-fl ow tuff (0624371 4604789). Continue walking northwest to the small ridge directly ahead and encounter a new clastic unit (Tbx; Fig. 15B ; 0624228 4604821). This unit contains angular to subrounded clasts of limestone, ash-fl ow tuff (including vitrophyre), and other lithics and is silicifi ed in places. Based on mapping and aerial image interpretation, it overlies the tuff of Coal Mine Canyon (also exposed to the SE, adjacent to tan silt deposits; 0624012 4604639). The age of the silt deposits is unclear; however this unit overlies the Eocene deposits and is likely part of the younger package of sediments that fi ll the basin to the north and south (Humboldt Formation?; Coats, 1987) .
Stop 2-4 (Optional). Eocene Ash-Flow Tuff Stratigraphy
Please watch for rattlesnakes. This stop is along Elko County Road 746 ~9.1 mi west of Charleston Reservoir (11.7 mi east of NV 225 [Mountain City Highway]) where a dirt track leads to the southeast (612380 4602076). This stop provides an overview of ash-fl ow tuff stratigraphy (Tt 1 ; Coats, 1987) and subsequent faulting that characterizes the region between Charleston Reservoir and NV 225. The cliffs just south of the road east of this point are plagioclasebiotite tuff, while the parking area sits on the dipslope of the southeast-dipping 45 Ma tuff, which underlies the plagioclase biotite tuff (Cook and Brueseke, 2010) . If time allows, walk northwest to observe excellent exposures of 45 Ma tuff (0612183 4602201). North-northeast-trending normal faults in this region cut the ash-fl ow tuffs, leading to complex stratigraphic relationships between Eocene eruptive units and the paleovalley inferred by Cook and Brueseke (2010) that goes through the Charleston Reservoir region toward Copper Basin. Detailed mapping is needed to further refi ne these relationships.
Day 3. Eastern Continuation of Central Paleovalley
Take the Nevada Highway 233 (Oasis) exit off I-80, turn south on the good gravel road and drive ~1.5 mi south to a side road to the northwest. Take this road ~1.9 mi to a junction and take the right-hand fork about another 0.8 mi to whatever convenient parking can be found (Fig. 16) . The road continues and can be driven to some of the initial points on the traverse below.
Stop 3-1. Nanny Creek Paleovalley, Ash-fl ow Tuffs, and Fluvial Megabreccia Nanny Creek, one of the best-exposed and most informative paleovalleys in northeastern Nevada, illustrates paleovalley geometry, enclosed sedimentary deposits, distal ash-fl ow tuffs, and fl uvial megabreccia consisting of reworked ashfl ow tuff ( Fig. 16 ; Henry, 2008; Brooks et al., 1995a Brooks et al., , 1995b . The stratigraphic section is exposed along an ~5 km, nonstrenuous traverse.
The exposed width of the Nanny Creek paleovalley is ~6 km, but it is faulted against Paleozoic rocks on the south side and the original width is thus unknown. Mississippian and Permian sedimentary rocks make up the paleovalley wall (Thorman, 1970; Brooks et al., 1995a Brooks et al., , 1995b Camilleri, 2010) .
A 20-30-m-thick, basal Tertiary conglomerate consists of a lag of rounded boulders commonly up to 1.5 m in diameter, and with one 6 m across (706009, 4544578). Most clasts, including the largest ones, are chert ± quartzite-pebble conglomerate similar to rocks of the Chainman, Diamond Peak, or Dale Canyon Formations, which crop out in immediately adjacent paleovalley walls (Thorman, 1970; Camilleri, 2010) . So the largest clasts need not have been transported far. However, numerous clasts of coarse-grained granite up to 1.7 m in diameter, andesite, and silicifi ed, fi nely laminated lake-bed sediments are present, rock types that do not crop out locally (Brooks et al., 1995a) . A granite boulder that we will see (706045, 4544464) has a U-Pb zircon rumor-chron date of ca. 158 Ma (Top Secret Data, 2010) . Unfortunately, bedding to determine dip in the conglomerate is not exposed.
Conglomerate is overlain by a plagioclase-biotite tuff, dated at 40.7 Ma (706115, 4544488) , which is in turn overlain by the 40.0 Ma tuff of Big Cottonwood Canyon (706329, 4544541; Fig. 16 ). The plagioclase-biotite tuff is petrographically and compositionally similar to, but possibly younger than, a plagioclase-biotite tuff in Copper Basin. Tuff thicknesses are uncertain because of uncertainty in their dip. Foliation in the tuffs dips 30-60° eastward, but dips are probably partly primary, resulting from compaction of the tuffs against paleovalley walls (Henry, 2008; Henry and Faulds, 2010) . Using the 30-60° range, the plagioclase-biotite tuff and tuff of Big Cottonwood Canyon could be 60-140 m and 90-190 m thick, respectively. Both values are signifi cantly greater than the thicknesses of 25 m and 55 m, respectively, reported by Brooks et al. (1995a) from this same locality. The tuff of Big Cottonwood Canyon here is 150 km from its source in the Tuscarora volcanic fi eld, yet it is at least 55 m thick and restricted to a paleovalley within which it wedges out against the sides. Andesite and andesite fl ow breccia dated at 39.5 ± 1.0 Ma (Brooks et al., 1995a (Brooks et al., , 1995b overlie the tuff of Big Cottonwood Canyon.
The uppermost unit in Nanny Creek is a breccia (Tx, Fig.  16 ) composed of blocks, mostly of silicifi ed tuff of Big Cottonwood Canyon with lesser plagioclase-biotite tuff and andesite (from 706799, 4544865 through 708236, 4544944). PreCenozoic clasts are rare (708016, 4544946) . Clasts of tuff of Big Cottonwood Canyon are up to 12 m across (707463, 4545044), plagioclase-biotite tuff is up to 8 m long (707459, 4545061), and andesite is as much as 2 m across (708137, 4544789). Blocks range from angular to rounded, and many are internally broken but not disaggregated (707975, 4544954). Rarely exposed matrix consists of coarse sand and variably rounded pebbles and cobbles. Brooks et al. (1995a) recognized the hummocky character of this unit and the possibility that the hummocks might be landslide blocks. Chemical analysis and dating of one clast confi rm that it is tuff of Big Cottonwood Canyon (Henry, 2008) . Furthermore, highly discordant compaction foliations and scattered magnetization directions from several breccia clasts (M.R. Hudson, in Brooks et al., 1995a; Palmer and MacDonald, 2002 , their sites W02, W15, and W18) confi rm that these blocks are not in place. We interpret these breccia deposits as resulting from "dam-burst fl oods," in which the tuff of Big Cottonwood Canyon initially blocked a drainage, then the tuff "dam" collapsed once a lake backed up behind and overtopped the dam. Blockage of drainages and dam-burst fl oods are common even in historic times (Costa and Schuster, 1988; Waythomas, 2001 ; the Thistle landslide that blocked the Spanish Fork River in Utah in 1982). Henry, 2008; italics, Brooks et al., 1995a, b) Approximate parking and field trip traverse Stop 3-1 Figure 16 . Geologic map of the paleovalley at Nanny Creek, eastern Pequop Mountains, showing traverse for Stop 3-1. The paleovalley, which was at least 6 km wide and possibly 1.6 km deep, has basal conglomerate containing rounded boulders up to 6 m in diameter, overlain by a plagioclase-biotite tuff and tuff of Big Cottonwood Canyon, andesite lavas, and a thick fl uvial megabreccia consisting of angular blocks mostly of the tuff of Big Cottonwood Canyon.
